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 1 
Summary 
 
 Ribosomes in mitochondria (mitoribosomes) perform similar functions in 
protein synthesis like their counterparts in bacteria and cytoplasm but vary in terms of 
numbers of components and specific structure between organisms. During evolution, 
many mitoribosomal proteins acquired additional domains, pointing to specific 
properties or functions. For example the C-terminal domain of MrpL36 is not required 
for protein synthesis per se, but critical for the generation of respiratory chain 
complexes, probably by stabilizing the interaction between large and small ribosomal 
subunits and influencing the accuracy of protein synthesis (Prestele et al., 2008).  
However, the function of these domain extensions remains to be elucidated.  
 Mitochondrial ribosomal protein L32 (MrpL32) is homologous to the 
bacterial L32 ribosomal protein (r-protein). MrpL32 carries N-terminal mitochondria 
targeting sequence (MTS) and is about 60aa residues longer at the C-terminus. It was 
reported that MrpL32 of S. cerevisiae regulates ribosome biogenesis through its 
processing by mAAA-protease (Bonn et al., 2011) but the function of the C-terminal 
extension is totally unknown. Consequently, I constructed a series of C-terminally 
truncated mrpL32 (mrpL32ΔC) and examined their function by expressing in a Δmrpl32 
strain. Interestingly, some mrpL32ΔC cause temperature sensitive growth in the 
medium with non-fermentable carbon source, which is also observed with the 
homologue in Neurospora crassa (NcL32). NcL32 also has N-terminal extension, 
probably functioning as MTS in yeast, but its C-terminus is much shorter than 
MRPL32. To further assess the growth of truncated Δmrpl32 mutants, I investigated the 
products of each truncated mrpL32 in wild type and in a mutant of m-AAA protease, 
Δyta10. In Δyta10 mutant, the truncated MrpL32s were detected as precursor and in 
higher quantity compared to wild type cells. This investigation indicated that at least the 
truncation up to 131aa (MrpL32-131) allows the proper cleavage of signal sequence and 
production of matured protein, although the level of protein in the cell seemed to be 
reduced compared to full length MrpL32. Also, cells with MrpL32-131 protein showed 
the production of Cox2 at 300C but in a much-reduced level, compared to MrpL32-FL. 
No Cox2 protein was detected at 370C. This seems to corroborate with the growth 
phenotype of mutant cells with MrpL32-131. On the other hand, up to 157aa 
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(MrpL32-157), not much difference was observed with the full length MrpL32 (183aa), 
but with only 5aa difference (MrpL32-152), the respiratory growth was affected. I later 
investigated the assembly of ribosome with truncated MrpL32 because mitochondrial 
translation in mutant with a truncated MrpL32 that showed temperature sensitive 
growth on YPGE appeared to be reduced. I noticed that mitochondria from MrpL32-131 
showed accumulation of ribosome particles but the large subunit seemed to be reduced 
compared to the small subunit.  
 I next cloned the C-terminal domain of MrpL32 (MrpL32CD) into the 
plasmid pVT100U to add a mitochondrial targeting sequence and examined if the 
resultant mtMrpL32CD could rescue the temperature sensitive respiratory growth of 
mrpL32ΔC mutant expressing MrpL32-131 or MrpL32-152. Interestingly, the 
MrpL32CD cloned in a different vector and expressed separately, indeed rescued or 
improved their growth on medium with non-fermentable carbon source. The 
mitochondrial protein synthesis of these mutants was also recovered. These results 
clearly showed that MrpL32CD and the upper region (~131aa) of MrpL32 containing 
the core region function in trans in the mitochondrial translation. This observation 
seems to indicate the acquisition of MrpL32CD by the r-protein L32 in ancient 
prokaryotic origin of mitochondria. Further analysis of MrpL32 in various organisms 
might give a hint to investigate the evolution of mitochondrial ribosomal proteins.   
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1. Introduction 
 
1.1 Saccharomyces cerevisiae 
 S. cerevisiae is a species of budding yeast. It has been instrumental to 
winemaking, baking and brewing. It is believed to have been originally isolated from 
grape skin. It is the most studied eukaryotic model organism in molecular and cell 
biology. S. cerevisiae cells are round to ovoid, measuring between 5 to 10 micron in 
diameter. They undergo two different types of life cycles, depending on the growth 
conditions, that is, asexual and sexual. A haploid cell will undergo a simple asexual LC 
of mitosis and growth, but under conditions of stress, they will die. On the other hand, a 
diploid cell will also undergo a simple asexual LC of mitosis and growth but under 
unfavorable conditions, they undergo sporulation, entering into meiotic division and 
producing haploid spores, which subsequently mate to produce a diploid cell.  
1.2 The Ribosome 
 Genetic information in all living organisms is stored in the form of DNA, 
which is transcribed to RNA and subsequently translated to protein. Proteins make up 
the greater portion of a cell structure as well as catalyze all the important cellular 
processes, including DNA replication, transcription and translation. Thus, protein 
biosynthesis is extremely important in all living organisms, from bacterium to human. 
The powerhouse of protein synthesis is the ribosome. The ribosome is at the core of the 
translation machinery of all organisms and assures two key functions: the decoding of 
the genetic information contained in messenger RNA and the formation of peptide 
bonds. It is a ribonucleoprotein particle of 70S in prokaryotes and 80S in eukaryotes 
composed of two subunits (30S and 50S subunits in prokaryotes, 40S and 60S in 
eukaryotes). Ribosomes of various organisms are quite similar to those in prokaryotes 
in structure and function, which indicates that the `core` of ribosome is conserved 
through organisms. 
 As the ribosome is universal and submitted to strong selection pressure, 
ribosomal RNA (rRNA) has been extensively used as a reference molecule in 
phylogeny and is at the origin of the division of living organisms into three domains: 
Bacteria, Eucarya and Archaea (Woese et al., 1990). Recent advances in structural 
biology have enabled the observation at high resolution (X-ray crystallography in 
atomic level), the three-dimensional structures of the 30S subunit of the thermophilic 
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bacteria Thermus thermophilus  (Wimberly et al., 2000; Schluenzen et al., 2000), the 
50S subunit of the bacteria Deinococcus radiodurans  (Harms et al., 2001) and of the 
halophilic archaeon Haloarcula marismortui  (Ban et al., 2000). 
 The complete 70S ribosome structure of T.thermophilus has been determined 
at 5.5Å in the presence of a transcript molecule and cognate transfer RNA (tRNA) 
bound to aminoacyl, peptidyl and exit sites (Yusupov et al., 2001). Together, these 
crystal structures provide a considerable amount of information on the global 
architecture and protein-RNA interactions as well as details on ribosome interaction 
with mRNA and tRNA (Ramakrishnan, 2002). They also confirm that the functional 
regions for peptide bond formation in the large prokaryotic subunit (Schluenzen et al., 
2000; Nissen et al., 2000) and the decoding center in the small prokaryotic subunit 
(Carter et al., 2000) consist entirely of rRNA. Information on the eukaryotic ribosome 
structure is not so abundant but a recent cryo-electron microscopy reconstruction of the 
yeast 80S ribosome (Spahn et al., 2001) confirms that the fundamental mechanism of 
protein synthesis is highly conserved throughout the three domains. 
 In trying to understand the structure of ribosome, the development of 
genomics has enabled the examination of ribosomal protein (r-protein) genes in both 
prokaryotic and eukaryotic genomes. These analyses confirm that most of the bacterial 
r-protein genes are clustered in a few operons allowing coordinated regulation 
(Watanabe et al., 1997; Fujita et al., 1998; Wachtershauser, 1998; Lathe et al., 2000 and 
Wolf et al., 2001) and are rarely duplicated (Makarova et al., 2001). In contrast, 
eukaryotic r-protein genes appear widely scattered across the chromosomes and show 
numerous duplications (Goffeau et al., 1996; Gross and Kaufer, 1998; Planta and 
Mager, 1998; Kenmochi et al., 1998; Barakat et al., 1998; Uechi et al., 2001 and 
Yoshihama et al., 2002). Wool et al., (1995) were the first to compare the rat r-proteins 
to the available sequence data from human, yeast, archaea and Escherichia coli. This 
pioneering work establishes that the rat r-proteins can be divided into three groups 
(Fig1a):  
(i) proteins with counterparts in both archaeal and bacterial domains;  
(ii) proteins with orthologs in the archaeal domain; and  
(iii) proteins exclusively found in Eucarya.  
Recent progress has provided not only the whole image of the ribosome but also 
functions of individual r-proteins by structural and genetic analysis. 
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Fig. 1a: Venn diagram 
showing the general 
distribution of r-protein 
families between the three 
domains: Bacteria (B), 
Archaea (A), Eucarya (E). 
The number of families is 
indicated for each set. The 
two numbers enclosed by 
parentheses refer to 
r-protein families found in 
the small and large 
ribosome subunits 
respectively (Lecompte et 
al., 2002). 
Table 1.1: Distribution of r-protein families in Bacteria (B), 
Archaea (A) and Eucarya (E) 
 
Families B A E Families B A E Families B A E Families B A E
S1p x   S3ae  X X L1p X X X L6e   X
S2p X X X S4e  X X L2p X X X L7ae x X X
S3p X X X S6e  X X L3p X X X L10e  X X
S4p X X X S7e   X L4p/L4e X X X L13e  x X
S5p X X X S8e  X X L5p X X X L14e  x x
S6p X   S10e   X L6p X X X L15e  X X
S7p X X X S12e   X L9p X   L18ae   X
S8p X X X S17e  X X L10p X X X L18e  X X
S9p X X X S19e  X X L11p X X X L19e  X X
S10p X X X S21e   x L12p X X X L21e  X X
S11p X X X S24e  X X L13p X X X L22e   X
S12p X X X S25e  x X L14p X X X L24e  X X
S13p X X X S26e  x X L15p X X X L27e   X
S14p X X X S27ae  X X L16p X   L28e   x
S15p X X X S27e  X X L17p X   L29e   X
S16p X   S28e  X X L18p X X X L30e  x X
S17p X X X S30e  x X L19p X   L31e  X X
S18p X   S31e x   L20p X   L32e  X X
S19p X X X     L21p X   L34e  x X
S20p X       L22p X X X L35ae  x X
S21p x       L23p X X X L36e   X
S22p x       L24p X X X L37ae  X X
        L25p x   L37e  X X
        L27p X   L38e  x x
        L28p X   L39e  X X
        L29p X X X L40e  X X
        L30p x X X L41ea  X X
        L31p X   L44e  X X
        L32p X   LXa  x  
        L33p X       
        L34p X       
        L35p X       
        L36p X       
Small subunit Large subunit
The conservation of the protein family in all investigated genomes of a primary domain is 
denoted by X whereas the presence of a protein family in some, but not all, representatives of a 
domain is indicated by x.  aUncertain distribution. 
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Until recently, however, studies of the ribosome targeted mainly bacterial ribosomes. In 
eukaryotes, the cell has three different types of ribosome, depending on their location, 
that is, cytoplasmic ribosome, mitochondrial ribosomes and ribosome in the chloroplast. 
The typical cytoplasmic ribosome of eukaryotes has a sedimentation coefficient of 80S; 
consisting of 40S and 60S subunits. They contain considerably more proteins in 
comparison to prokaryotic ribosomes. The ratio of rRNA to protein eukaryotic 
ribosomes is almost 1:1, instead of 2:1 as in bacterial ribosome. The chloroplast and 
mitochondria are thought to have originated from the symbiosis of ancient 
cyanobacteria and aerobic bacteria respectively. In general, their ribosomes are similar 
to the bacterial homolog. These three ribosomes have the `core` components that are 
well conserved through the different domains; prokaryotes, lower and higher 
eukaryotes. However, the mitochondrial ribosome has some interesting features when 
compared to other ribosomes. 
1.3 Mitochondrion and mitoribosome 
 Mitochondria are membrane-bound organelles found in almost, if not, all 
eukaryotic cells. The principal function of the mitochondria is to supply ATP to the cell, 
but they are also involved in various cellular reactions, signaling, cellular 
differentiation, apoptosis as well as the control of cell growth and the cell cycle. 
Mitochondria have two membranes: the inner and the outer membranes. The outer 
membrane encloses the entire organelle, with the ratio of protein to phospholipid being 
similar to hat of eukaryotic plasma membrane. It contains large numbers of integral 
membrane proteins with the channel they create carrying small proteins from the outer 
membrane space to the inter-membrane space. Larger proteins can also enter the 
mitochondrion if a signaling sequence at the N-terminus binds to a large multi-subunit 
protein called translocase on the outer membrane, which then actively moves them 
across the membrane (Herrmann and Neupet, 2000). The inner membrane contains 
more than 100 polypeptides and has a very high protein: phospholipid ratio. These 
proteins are involved in the primary role of the mitochondria – ATP production, and 
emplaced by the membrane insertion and translocase systems of their 
alpha-proteobacterial ancestors for the transfer of membrane proteins from the outside. 
To some extent, unicellular eukaryotes retain remnants of the bacterial SecYEG 
translocase system (Lang et al., 1997).  
 Genomic DNA encodes most of the mitochondrial inner membrane proteins, 
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while a few proteins are encoded by mitochondrial genome (mtDNA). Although the 
exact number of genes encoded by mtDNA differs between species, in humans, mtDNA 
encodes 37 genes: 13 for subunits of respiratory complexes, 22 for mitochondrial tRNA 
and 2 for rRNA. In the yeast Saccharomyces cerevisiae, the mtDNA encodes 7 proteins 
of the respiratory complexes, one r-protein and 27-28 RNA molecules. In addition, it 
may contain up to 20 ORFs, the function of which are not clear. One of the most 
striking features of yeast mtDNA is its unusual low G-C content of 18%. For translation 
of proteins encoded in the mtDNA, the mitochondrion has its own ribosomes called 
mitochondrial ribosome or mitoribosomes (Fig 1d) for short. The mitoribosome 
resembles bacterial ribosomes in overall shape and functional properties, except that 
they are richer in proteins than rRNAs (Fig 1c). For example, mammalian 
mitoribosomes is made up of a 28S small subunit (SSU) that contains a 12S rRNA (950 
nt) and 29 proteins (Koc et al., 2000, O`Brien et al., 2000 and Suzuki et al., 2001b), in 
contrast to the widely studied bacterial 30S that contains 16S rRNA (1542 nt) and 21 
proteins (Wittman-Liebold, 1985). The 39S large subunit (LSU) of the mitoribosome 
contains a 16S rRNA (1560nt) and 48 proteins (Koc et al., 2001b, O`Brien et al., 2000 
and Suzuki et al., 2001b), while its bacterial 50S counterpart is composed of two rRNA 
molecules (5S – 121nt and 23S – 2904nt) and 33 proteins (Figs 1b and 1c; Table 1.2). 
 Most of the mitoribosomal proteins are larger than their bacterial homologs as 
well as having new proteins, which do not exist in bacterial ribosome (Koc et al., 2000; 
Suzuki et al., 2001). In mammalian mitoribosomes, it is thought that the enlarged 
proteins fill up the gap created by the loss of rRNA. Studies have showed that many 
enlarged proteins exist in unique positions in the mitoribosome, whereas, the spatial 
positions of the rRNA domains are essentially same as bacterial ribosomes (Mears et al., 
2006). On the other hand, in fungal mitoribosomes, the size of the rRNA is almost same 
as homologs in bacteria but nevertheless; they contain as many r-proteins as in 
mammalian mitoribosome (Kitakawa et al., 1997). So, why this increase in the number 
of r-proteins compared to the ancestors and what are the functions of these extra 
r-proteins. To answer these questions, our lab has been working on the identification 
and characterization of these MRPs in both Saccharomyces cerevisiae and Neurospora 
crassa (Gan, et al., 2002, 2006). My work is concerned with the functional analysis of 
the mitochondrial r-protein L32 (MrpL32) gene in Saccharomyces cerevisiae. 
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Table 1.2: Components of bacterial and mitochondrial ribosomes 
 
 
 
 
 
Figure 1b: Bacterial and eukaryotic cytoplasmic ribosomes (Melnikov et al., 2012) 
 
 
 
 
bacterial 
ribosome mitochondrial ribosome
E. coli S. cerevisiae N. crassa C. elegans Homo sapiens
Small 
subunit 
rRNA(base) 1542 1647 1846 697 954
protein 
(number) 21 33 33 30 32
Large 
subunit 
rRNA(base) 2904 3273 3465 953 1558
protein 
(number) 34 45 43 46 49
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Figure 1d: Cryoelectron tomography and subtomogram analysis to visualize 
mitoribosomes in isolated yeast mitochondria (Nature communications 6, 2015). 
Figure 1c: An overview of the yeast 54S ribosomal subunit (Amunts et al., 2014) 
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1.4 Mitochondrial ribosomal proteins (MRPs) 
 Mitochondria are composed of proteins encoded by the nuclear and 
mitochondrial genomes. Most of the mitochondrial proteins including the r-proteins and 
translation factors that are responsible for the expression of the mitochondrial genome 
are synthesized on cytoplasmic ribosomes and imported into mitochondria 
post-translationally. The mitochondrial genome encodes a small, but important, number 
of proteins (Borst and Grivell, 1978). These proteins are essential components of the 
mitochondrial oxidative phosphorylation (OXPHOS) machinery. In the 
yeast Saccharomyces cerevisiae the proteins encoded by the mitochondrial DNA 
(mtDNA) include cytochrome c oxidase subunits Cox1, Cox2, and Cox3, 
cytochrome b of the cytochrome bc1 complex, F1Fo-ATP synthase subunits Atp6, Atp8, 
and Atp9, and the small ribosomal subunit component Var1. With the exception of Var1, 
these mitochondrially encoded proteins are integral membrane proteins which become 
inserted into the inner membrane during their synthesis on mitochondrial ribosomes 
tethered to the inner membrane (Fiori et al., 2003; Jia et al., 2003; Szyrach et al., 2003; 
Vogel et al., 2006; Prestele et al., 2009;). The co-translational membrane insertion of 
these proteins is achieved by maintaining a close physical association of the ribosomes 
to the inner membrane at sites where the insertion machinery exists (Jia et al., 2003; 
Stuart, 2002; Szyrach et al., 2003). Understanding of the assembly and function of 
mitochondrial ribosomes is thus important, because defects in mitochondrial-translation 
abilities underlie many human diseases that result in impaired OXPHOS capacities 
(O`Brien, 2002; Chrzanowska-Lightowlers et al., 2011). 
 Data indicate that protein synthesis within the mitochondria is performed by 
membrane-anchored ribosomes, to ensure a close coupling between the 
protein-synthesis and membrane‐insertion events (Spithill et al., 1978; Liu and 
Spremulli, 2000; Stuart, 2002; Fiori et al., 2003; Gruschke et al., 2010). By contrast, the 
bacterial ribosomes synthesize many diverse proteins—both soluble and integral 
membrane—and consequently both cytosolic and membrane‐bound populations of 
ribosomes exist, and presumably cycle, within bacteria. How, and at what stage during 
the formation of translationally active ribosomes, mitochondrial r-proteins become 
tethered to the inner membrane is unclear (Kaur and Stuart, 2011). 
 The molecular details of the mitochondrial ribosome assembly pathway and 
the assembly factors involved are mostly uncharacterized. One report indicates that a 
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late stage assembly intermediate of the large (54S) ribosomal subunit, termed the 
pre54S particle, completes its assembly at the inner membrane, where it incorporates 
the mitochondrial r-protein MrpL32, proteolytically matured by the Yta10/Yta12 
membrane protease (Nolden et al., 2005). Although it is thought to be a matrix-soluble 
assembly intermediate, it has not yet been shown whether the assembly of the pre54S 
complex actually occurs in the matrix. It is also possible that the inner membrane, the 
ultimate site of ribosomal activity, functions as a platform to localize these assembly 
events (Kaur and Stuart, 2011).  
 During evolution, many proteins of the mitochondrial ribosome acquired 
addition domains pointing at specific properties or functions of the translation 
machinery in mitochondria. Though much is known about the structure of r-proteins, 
the detailed mechanisms underlying their respective functions is not fully clear in some 
and totally unknown in others. In general, r-proteins are well conserved among various 
organisms and maintain the sophisticated mechanism of protein synthesis, which gives 
remarkable speed and accuracy of translation. In contrast to these r-proteins, MRPs of 
several characterized organisms show considerable differences in the primary structure. 
It is quite interesting to understand how the complex mechanism of translation can be 
maintained in mitoribosomes with such remarkable structural diversity. Mitoribosomes 
are richer in protein when compared to bacterial ribosomes; with most MRPs being 
larger than their bacterial homologues. Moreover, close to half of MRPs are unique to 
mitochondria, with many of them existing only in related organisms. In mammalian 
mitoribosome, it is thought that the greater number of proteins help in filling the gaps 
created by the reduced rRNAs. Nevertheless, mitoribosomes in the budding yeast 
Saccharomyces cerevisiae and other fungi like Neurospora crassa possess rRNAs that 
are almost same size as that of their bacterial homologue, but still they have possess a 
large number of proteins. In some cases, novel functions of the additional protein or the 
extension have been reported, although a majority of the functional mechanism is still 
unclear. 
 In our lab, extensive analyses of MRPs in two Ascomycota species, S. 
cerevisiae and N. crassa have been carried out, with the study revealing that MRPs of N. 
crassa have corresponding homologues in S. cerevisiae, though with structural 
variations (Gan et al., 2002, 2006). Recently, some studies have been carried out to 
ascertain the function of this structural variation or difference of MRPs from 
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homologues in bacterial r-proteins. For example, the C-terminal domain deletion of 
Mrp20 has an oxidative phosphorylation (OXPHOS) and ribosome assembly defect 
(Kaur and Stuart, 2011), while a similar deletion on Mrpl36 does not prevent respiratory 
activity. The C-terminal extension domain is dispensable for mitochondrial translation 
itself but important for dosage suppression of a specific cox2 mutant (Williams et al., 
2004), but important for the stability of MrpL36, particularly the COX complex 
(suppressor function of a cox2 mutant), probably has a stabilizing activity on the 
interaction between large and small ribosomal subunits (Prestele et al., 2009).  
 L32 is another r-protein with peculiar function, with varying structure 
between bacterial ancestors and homologues in S. cerevisiae and N. crassa. The yeast 
mitochondrial homologue of L32, MrpL32, carries an N-terminal mitochondrial 
targeting sequence of 71 amino acid residues that is cleaved off upon import into 
mitochondria (Grohmann et al., 1991). The crystal structure of the 50S ribosomal 
particle of the eubacterium Deinococcus radiodurans (Harms et al., 2001) revealed that 
MrpL32 is largely surface exposed with the N-terminal segment protruding deeply into 
the interior of the ribosome. The surface exposed C-terminal part of the protein contains 
four cysteine residues, comprising a CxxC-X9-CxxC sequence motif that is conserved 
throughout evolution and important for the proper folding of the protein (Bonn et al., 
2011). Recent biochemical and genetic analyses of the m-AAA protease revealed a 
regulatory role of an AAA protease for mitochondrial protein synthesis in yeast. The 
m-AAA protease exerts dual functions: it cleaves the N-terminal mitochondrial 
targeting sequence of MrpL32 protein to mature the protein but it also degrades 
misfolded MrpL32 entirely and ensures the quality of protein. MrpL32 is the target of 
the protease and thoroughly responsible for the mitochondrial defect in yeast. Loss of 
the m-AAA protease activities leads to neuronal cell death in several neurodegenerative 
disorders such as hereditary spastic paraplegia (HSP). Maturation of MrpL32 and 
mitochondrial protein synthesis are also impaired in a HSP mouse model lacking the 
m-AAA protease subunit paraplegin, demonstrating functional conservation (Nolden et 
al., 2005).  
 S. cerevisiae MrpL32 contains long extra sequences when compared to 
bacterial L32 both at N- and C-termini, as well as a longer C-terminal domain when 
compared with N. crassa L32 (Fig. 3.2, Fig. 3.3).  However, the function of this 
extended C-terminal region in S. cerevisiae is not known. To examine the functional 
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role of the C-terminal region, I truncated the C-terminus at various points (Fig. 3.4) to 
ascertain their importance in the functioning of the C-terminal region in particular and 
the MrpL32 as a whole. 
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2. Materials and Methods 
 
2.1 Strains, Plasmids and synthetic primers  
2.1.1 Strains 
Escherichia coli 
XL-1 Blue:  hsdR17, supE44, recA1, endA1, gyrA46, thi, relA1, laciF`, [proAB+, 
lacIq, lacZΔM15::Tn10(tetr)]. 
Saccharomyces cerevisiae 
BY4743: MATa/α, ura3/ura3, leu2/leu2, his3/his3, met15/met15, LYS2/lys2Δ0 
Y23483: BY4743 MRPL32/ΔmrpL32::KanMX 
Ray3A-D: MATa/α, ura3/ura3, leu2/leu2, trp1/trp1, his3/his3. 
BY3072: MATα, sst2-1, ura3-52 and/or ura1, his1-29 and/or his6, leu2-3, 112 
(met)?, (can1)?, (chh2)?          
K1169: MATa, gal2, ura3, bar1::URA3  
BY-b3: MATα, ΔmrpL32::KanMX/pXP722-MrpL32 derivative of Y23483 
H1: MATα, ΔmrpL32::HIS3/pXP722-MrpL32 derivative of Ray3A-α 
BY-yta10: Δyta10::KanMX derivative of BY4743, haploid.  
  
2.1.2 Plasmids and synthetic primers 
 Plasmids and primers used in this study are listed in Table 2.1.  
2.1.2.1 Construction of plasmid  
 Plasmids for expressing S-tagged proteins were constructed using pSH-Leu. 
To clone MrpL32 and its C-terminal deletion derivatives (MrpL32ΔC), I first designed 
the appropriate primers (containing the necessary restriction enzyme sites to facilitate 
the cloning into the multi-cloning site of the vector in frame) for each derivative (Table 
2.1) and performed PCR amplification of the MRP gene (ORF). On the other hand, 
pSH-Leu plasmid was prepared following the protocol described below. Both the PCR 
fragment of MRPL32(ΔC) and plasmid DNA were digested by the required restriction 
enzyme (for example HindIII and Stu1 for MrpL32). After restriction enzyme digestion, 
the two products were ligated following the ligation protocol. Subsequently, the ligated 
fragments were used to transform bacterial competent cells. Transformants were 
selected on medium containing appropriate antibiotics at 370C and the plasmids carried 
were examined by Restriction enzyme analysis and QuickTaq PCR as described below.  
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DNA fragments containing the MRPL32 or MRPL32ΔC gene as well as S-tag and 
His-tag fragments on pSH-Leu (pSH-MrpL32(ΔC)) were amplified by PCR from the 
corresponding plasmid using the primers designed to clone into pXP722 vector (Table 
2.1). Fragments and pXP722 plasmid DNA were subsequently digested with restriction 
enzyme AvrII or Sal and XhoI and ligated. Plasmid pXP722-MrpL32 and ΔC 
derivatives were obtained as described above.  
To construct pVT100U-mtMrpL32CD and pVT100U-mtMrpL32CD-SH, the region of 
MRPL32 encoding MrpL32-CD (121-183aa) was amplified by PCR and cloned into 
pVT100U-mtGFP by replacing GFP sequence, which appended the MTS of Su9 in 
Neurospora crassa (Ungermann et al., 1994) to MrpL32-CD.  
To construct KS(+)-L32ORFup::HIS+, the DNA fragment containing the genome 
sequence from about 600 bp upstream to the end of MRPL32 gene was amplified using 
primers listed (Table 2.1) and cloned between HindIII and SacI MCS sites of 
pBLUESCRIPT KS(+) (Stratagene) plasmid, which eliminated EcoR1 and Pst1 sites of 
the vector. Then the resultant plasmid was cut by EcoR1 and Pst1 restriction enzymes, 
which deletes the N-terminal part of MrpL32, and ligated with the fragment containing 
HIS3 gene obtained by digesting the plasmid T7-HIS3. The resultant plasmid was cut 
by HindIII and used to transform yeast Ray3A-α (pXP-MrpL32) to obtain yeast strain 
Ray3A-α ΔmrpL32::HIS3 (pXP-MrpL32).   
 
2.2 PCR procedure 
2.2.1 PrimeStar PCR 
  Water                                   15.5µl 
  5X Taq Buffer                             5µl 
  dNTPs (2.5mM)                            2µl 
  DNA template (gDNA – 1/50 dilution)          1µl 
  Primers (forward and reverse – 10µM)          0.5µl 
  PrimeStar enzyme (1.25U/µl)                 0.5µl 
    Total volume              25µl 
 PCR conditions: 980C 10sec, 550C or 600C 15sec, 680C 1min/1kb 
 Repeat x30cycles    
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 680C 5min, 40C ∞ 
          
2.2.2 QuickTaq colony PCR 
Aliquot 2µl H2O into PCR tubes and suspend cells from a single colony using a 
toothpick and add the mixture of primers and QuickTaq as follows: 
Forward primer (10µM)                0.15µl 
Reverse primer (10µM)                0.15µl 
  dH2O                           0.7µl 
  QuickTaq mix                    3µl 
  Total volume                     6µl 
 
 PCR conditions: 940C 2min, 940C 30sec, Tm ~5 30sec, 680C1min/1kb 
     Repeat 30 cycles 
                   680C 5min, 40C ∞ 
 
2.3 Growth media, antibiotics and amino acids 
             Bacteria were routinely grown in or on LB media (0.5% NaCl) or TB 
media at 370C unless otherwise indicated. Antibiotics ampicillin (100 µg/ml) and 
kanamycin (40 µg/ml) were added when required. 
 Yeasts were routinely grown in: 
 
1) YPD medium:  
Yeast extract = 1g 
Peptone = 2g 
Glucose = 2g 
Water = 100ml 
Agar = 2g (for solid medium) 
Where needed G418 (500mg/ml) = 0.4ml 
 
2) SC medium: 
Yeast Nitrogen Base (YNB) w/o Amino acids = 0.67g 
Glucose = 2g 
Dropout Mix = 0.02g 
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Water = 100ml 
Agar = 2g (for solid medium) 
Amino acids as required (HIS/LEU/TRP = 6mg, MET/LYS = 4mg and         
URA = 2mg) 
 
3) YPGE medium 
Yeast extract = 1g 
Peptone = 2g 
Glycerol (50% glycerol)= 4ml  
Water = 94ml 
Agar = 2g (for solid medium only) 
Ethanol = 2ml (added after autoclaving)  
 
4) YPGG medium 
Yeast extract = 1g 
Peptone = 2g 
Glycerol (50% glycerol)= 4ml  
Galactose=2 g 
Water = 96ml 
 
5) Sporulation medium 
Potassium acetate = 1g 
Yeast extract = 0.1g 
Glucose = 0.05g 
Water = to 100 ml 
 
6) Fluoroorotic Acid (FOA) plate 
Yeast Nitrogen Base (YNB) w/o Amino acids = 0.67g 
Glucose = 2g 
Dropout Mix = 0.02g 
Water = 100ml 
Agar = 2g  
Amino acids as required (HIS/LEU/TRP = 6mg, MET/LYS = 4mg and         
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URA = 1.5mg) 
5-Fluoroorotic acid = 0.1g (add after autoclave) 
 
2.4 Preparation of DNA and purification 
2.4.1 Isolation of plasmid DNA from E. coli by the boiling or CTAB method: 
Inoculate a single colony of transformant into 1.5ml TB medium, containing 
appropriate antibiotics, overnight at 370C in a shaking water bath. The following 
day, the 1.5ml culture were transferred to a 1.5ml Eppendorf tube by decanting, 
centrifuged at 15,000 rpm for 1 min and the supernatant discarded by aspiration. The 
tube was towel-dried and 200µl of STET containing lysozyme (0.2mg/ml) was added. 
The mixture was vigorously vortexed and boiled for 1 min. Immediately after boiling, it 
was centrifuged at 15,000 rpm for 5 min and the precipitate removed with the help of a 
toothpick. 8µl of 5% cetyl trimethyl ammonium bromide (CTAB) is the added and 
centrifuged at 15,000 rpm for 5 min. Discard supernatant and add 300µl of 1.2M NaCl, 
mix well and add 750µl 100% ethanol. The mixture was centrifuged again at 15,000 
rpm for 5 min and the supernatant discarded. 500µl of 70% ethanol was then added and 
the plasmid DNA was collected by centrifugation at 15,000 rpm for 5 min. The ethanol 
was removed by aspiration and dried at 420C. After drying 25µl of sterilized water was 
added and then stored at -200C until needed.  
STET buffer: 
Sucrose                    8% 
Triton X-100                0.1%                                
EDTA      50mM 
TRIS-HCL (pH 8.0)    50mM 
 
2.4.2 DNA purification by column: Following the protocol of the Promega Wizard® 
Plus SV Minipreps DNA purification system kit. 
 
2.4.3 Isolation of genomic DNA from S. cerevisiae 
1. A single colony was inoculated in 5ml of YPD medium, and cultured for 
overnight at 28oC. 
2. Cells were collected by centrifugation at 3,000 rpm for 5 min. 
3. 0.5ml of Sorbitol Solution was added, and mixed briefly by vortexing. 
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Sorbitol Solution 
sorbitol 0.9M 
Tris-HCl (pH 8.0) 0.1M 
EDTA (pH 8.0) 0.1M 
4. 50ml of 0.3mg/ml Zymolyase (in Sorbitol Solution) and 50ml of 0.28M 
b-mercaptoethanol was added. 
5. The sample was incubated for 1 hour at 30oC (Sometimes mixed gently by 
inversion). 
6. The tube was centrifuged at 3,000 rpm for 5 min, and supernatant was 
discarded. 
7. Cells were re-suspended in 0.5 ml of Tris/EDTA Solution by mixing gently. 
And 50ml of 10% SDS and 5ml of 20mg/ml Proteinase K were added. 
Tris/EDTA Solution 
Tris-HCl (pH 8.0) 50mM 
EDTA (pH 8.0) 20mM 
8. The sample was incubated for 30 min at 50 oC. 
9. Same volume of TE-saturated phenol/chloroform (1:1) was added and mixed 
well by inversion for 15 min, and then centrifuged at 15,000 rpm for 5 min. 
Aqueous phase was transferred into a new tube, and the step was repeated. 
10. The sample was re-extracted with TE-saturated chloroform. 
11. Same volume of isopropanol was added and mixed well by inverting the tube, 
and then centrifuged at 10,000 rpm for 30 sec at 4 oC. The pellet was washed 
with 70% ethanol and dried. 
12. The pellet was dissolved in 50ml of H2O. 
 
2.5 Transformation 
2.5.1 Calcium chloride method for E. coli cells  
1. 50ml of LB medium was inoculated with 0.5ml of overnight culture of E. coli 
(LB medium containing 15mg/ml of tetracycline), and incubated at 37oC until 
the OD600 reached to 0.5. 
2. The cells were harvested by centrifuging at 3,000rpm for 5min at 4oC, and the 
supernatant was discarded. 
3. The cells were gently re-suspended in 10ml of ice-cold 100mM CaCl2. 
 20 
4. The suspension was centrifuged and cells were collected. 
5. 10ml of ice-cold 100mM CaCl2 was added, and cells were re-suspended 
gently. 
6. The tube was left in ice bath for 30min. 
7. The cells were collected by centrifugation and re-suspended in 2.5ml of Stock 
solution. This competent cell mixture were dispensed and stored at –70oC. 
Stock solution 
  Glycerol  15%  
  CaCl2  100mM 
 Tris-HCl (pH 7.5) 10mM 
8. 1-20ml of plasmid DNA solution was mixed with 80ml of competent cell, and 
then cooled on ice for 30min. 
9. The competent cell mixture was heat shocked at 42oC for 2min. 
10. One ml of pre-warmed SOC medium was added and incubated at 37oC for 
30min. 
11. The mixture of cells and DNA was spread on pre-warmed LB plate, containing 
appropriate antibiotics, and incubated at 37oC for overnight. 
 SOC medium (per liter)  
 Yeast extract 5g 
 Tryptone 20g 
 NaCl 0.44g 
 MgCl2・6H2O 2.03g 
 MgSO4・7H2O 2.47g 
 glucose 3.60g 
 H2O  to 1L 
 
2.5.2 Lithium acetate method for yeast cells  
Transformation was performed as described by Gietz et al (1995).  
1. A single colony was inoculated in 2ml of YPD medium and incubated at 30 
°C overnight in a shaking water bath. 
2. Overnight culture was inoculated into 1.5ml of YPD medium in a test tube. 
The cell concentration should be about 5 X 106cells/ml at the time of 
inoculation. The culture was incubated at 30°C for about 4 hours until the 
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cell concentration reaches 2 X 107cells/ml. 
3. The cells were collected by centrifugation (Chibitan, Millipore) for 5min. 
4. The sample was washed with 0.5 ml sterile distilled water and cell was 
collected as above. 
5. The cell were washed in 250ml of 100mM sterile LiAc, and incubated for 
10min at 30°C. 
6. The competent cells were centrifuged down. Then the supernatant was 
removed and added the following reagents: 
    50% (w/v) PEG4000 (Nacarai tesque)  120ml 
    1.0M LiAc 18ml 
    2mg/ml SS-DNA  12.5ml 
    DNA 1mg~ 2mg 
 sterile water  25ml 
7. The cell pellet was resuspended in the transformation mixture by vortexing 
for at least 1min and incubated at 30°C for 30min. 
8. The transformation tube was heat shocked in a 42°C water bath for 15 min. 
9. After centrifugation in Chibitan at top speed for 5sec, the cell pellet was 
resuspended gently in 0.5-1ml of millipore water by carefully pipetting it up 
and down. 
10. Appropriate amount of mixture was placed onto an SC plate and incubated 
at 30°C for 2~4days until the transformants appear. 
 
2.6 Sporulation of yeast cells 
1. A single colony was inoculated in 1ml of selective medium, and cultured 
overnight at 30 oC. 
2. The cells were collected by centrifugation for 10 min at 3,000rpm. 
3. 1ml of sporulation medium was added, and cultured for 48 hours at 30 
oC. 
4. When the formation of spores was confirmed by microscope, the cells 
were re-suspended to 4 ml H2O.  
5. Take 1 ml in a test tube and add 0.1ml of 1mg/ml Zymolyase-20T 
solution and 2ml of b-ME were added. 
6. The cells were incubated overnight at 30 oC with gentle shaking. 
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7. 1ml of 1.5% Nonidet P-40 (NP-40) were added, and set 15min on ice. 
8. The sample was sonicated using micro tip (Bransonic Co.) for 30 sec at 
appropriate range, then set on ice for 2min. It was repeated twice. 
9. After centrifugation for 10 min at 3,000rpm, the spores were 
re-suspended in 1ml of 1.5% NP-40 and vortexed vigorously. 
10. The spores were sonicated as in step (8). 
11. The spores were centrifuged for 10 min at 3,000rpm, suspended in 
proper amount of H2O. 
 
2.7 Isolation of yeast Mitochondria  
2.7.1 Large Scale 
Initial culture in 2ml SC with requirements depending on the strain 300C ON 
Subsequently culture in 40ml SC with requirements or YPD (Pre-culture) 300C ON 
 
Measure OD600 ONC in 40ml and dilute or inoculate appropriately (OD600 0.15 to 0.2) 
in 300ml YPGE or YPGG, culture at 300C ON. Usually approx. 6g cells were obtained 
from 4 flasks (4 x 300 ml). 
  
Following day: Measure OD600 (should be 2 to 5) 
1. Centrifuge (J2-MC10) 7000rpm 6` (measure weight of Berkman bottle 
before and after to get the weight of the cells). 
2. Wash with 10ml/g cells of water 
3. Centrifuge (J2-MC10) 7000rpm 6` 
4. Re-suspend cells in 15ml /5g cells buffer A (pre-warmed at 300C, 15`) 
5. Centrifuge (J2-MC10) 7000rpm 6` 
6. Re-suspend in 20~25ml buffer B 
7. Add Zymolase 20T at 1~2mg/g cell (wet weight) – 10 ~ 12 mg. incubate at 
300C 1hr - shaking (Check OD600 of cell solution 1/500~250 diluted with 
water (4µl cell suspension/1ml water), before and after digestion with 
Zymolase). Transfer to small Berkmann tube 
8. Centrifuge (J2-MC17) 7000rpm 5` 
9. Wash with buffer B (~15ml/tube) 
10. Centrifuge (J2-MC17) 7000rpm 5` 
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11. Add 5ml ice-cold buffer C (with 1mM PMSF)(5ml x 2 if volume of cells is 
too large for 5ml). Transfer into a homogenizer.  
12. Homogenize by >40 times strokes in a Dounce homogenyizer (Wheaton, 
7ml). 
13. Dilute ~1:1 with buffer C+PMSF (add ~10ml) 
14. Centrifuge (J2-MC17) 6000rpm 5` (Keep ppt as Whole Cell – WC, dissolve 
in 2ml PBS) 
15. Transfer sup to a new tube 
16. Centrifuge supernatant (J2-MC17) 11,500rpm (17,000g) 15` (Keep sup as 
Post Mitochondria – PM, store 2ml) 
17. Re-suspend Mit with ~15ml buffer D 
18. Centrifuge (J2-MC17) 5000rpm 10` (keep ppt as mit-membrane fraction or 
Junk, dissolve in 100µ buffer F) 
19. Centrifuge sup (weigh empty tubes to later measure the yield of Mit). 
20. Sediment Mit (J2-MC17) 11,500rpm 15` 
21. Re-suspend and wash with buffer D 1~4 times 
22. Wash with ~15ml buffer E (optional – depends on the purpose of 
Mit-isolation) 
23. Re-suspend in buffer F (0.1ml for Mito preparation, 5ml for ribosome 
isolation, ~1ml for affinity purification; use appropriate buffers for 
indicated purposes). 
 
Preparation and approximate quantity of Buffers (for 2 samples) 
 
- Buffer A (~100ml) 0.1M Tris/H2SO4 (pH 9.4) 
 To prepare 1M TRIS/H2SO4  
           TRIS = 12.114g 
            Water = 100ml 
            H2SO4 = ~500µl to pH ~9.4 
To prepare 200ml 0.1M TRIS/ H2SO4 
                1M TRIS/H2SO4 = 20ml 
            Water = 180ml 
       20mM b--mercaptoethanol = 0.28 ml (after autoclave) 
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- Buffer B (~100ml) 1.2M sorbitol/Glucitol/20mM Potassium Phosphate Solution 
To prepare 200ml 1M K2HPO4 
             K2HPO4 = 34.8g 
              Water = 200ml (autoclave) 
To prepare 100ml 1M KH2PO4 
             KH2PO4 = 13.6g 
              Water = 100ml (autoclave) 
To prepare 1M Potassium Phosphate Solution 100ml pH 7.4 
              1M K2HPO4 = 80.2ml 
              1M KH2PO4 = 19.8ml 
Buffer B 
 Sorbitol = 43.72 g 
        1M Potassium Phosphate sol (7.4) = 4 ml  
 Water = to 200 ml 
- Buffer C (~30ml) 0.6M sorbitol/20mM Hepes/KOH (pH 7.4) 
To prepare 0.2M Hepes/KOH pH 7.4 
              Hepes = 23.83g 
               First add 400ml water 
               Add ~11ml 5M KOH (gradually) 
               Water = to 500ml (autoclave) 
Buffer C 
 Sorbitol = 21.86 g 
 0.2M Hepes/KOH sol (7.4) = 20 ml  
 Water = to 200 ml 
        1mM PMSF = ~300µl in 30ml buffer C (prior to use) 
        (Add PMSF to 1mM final concentration as use). 
- Buffer D (~100ml) 0.6M sorbitol/20mM Hepes/KOH (pH 7.4)/ 1 mM EDTA 
 Sorbitol = 54.65 g 
 0.2M Hepes/KOH sol (pH7.4) 50 ml  
 0.5M EDTA sol = 1 ml 
 Water = to 500 ml 
- Buffer E (~30ml) 0.6M sorbitol/20mM Hepes/KOH (pH 7.4) (Buffer C-PMSF) 
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 Sorbitol = 21.86 g 
 0.2M Hepes/KOH sol (7.4) = 20 ml  
 Water = to 200 ml 
- Buffer F 350 mM NH4Cl/20 mM Mg-acetate/1 mM EDTA/20 mM Tris-HCl 
(pH7.5)/2mM β-mercaptoethanol (ME)  
         NH4Cl  3.74 g  9.36 g 
 Mg-acetate⋅4H2O 0.858 g   2.145 g 
 0.5 M sol  0.4 ml   1.0 ml 
 Tris  0.48 g  1.2 g 
 Add water, pH=7.5 by HCl  
 Water to  200 ml  500 ml 
β-ME (add after autoclaved)   0.028 ml         0.07 ml  
 
2.7.2 Isolation of mitoribosome and sucrose gradient analysis (fractionation) 
Using mitochondrial fraction isolated from above 
- Lyse mitochondria with 1/20 volume of 26% Triton X-100 (255µl) in 5ml buffer F 
plus 51µl PMSF. Stir in ice-cold water until the lysate becomes clear. 
- Centrifuge (Beckman, J2-MC17, 13500rpm (25000g) for 15min (for less volume, 
8500rpm for 10min).  Safe Pellet (PPT) as low speed, dissolve in 150µl buffer F). 
- Centrifuge supernatant in Beckman 50Ti, 40,000 for 2.5hr at 40C (No sucrose 
cushion). Discard Supernatant 
- Reuspend pellet in 100~200µl buffer F, measure OD260 and OD280 (2µl in 100µl 
water). Total OD = OD260/280 x 0.1 x 0.5xVolume 
- Layer the ribosome (up to OD260 = 5) on 10-30% sucrose gradient (in buffer F, 2.6ml 
each for 65Vti 65.2)** 
- Centrifuge in 65Vti for 37min at 45,000rpm 40C 
- Fractionate ~2drops (from a whole by 18G needle = ~150µl) 
- Measure OD260 
- Collect ribosome subunit fractions, dilute with same volume of water (or buffer) and 
add four volumes of cold acetone (~600µl). Store at -200C over night, microcentrifuge 
at 15,000rpm, 15min, wash with cold acetone (~500µl) and dry (in Yamato Handy 
Aspirator WP-15 for 30min) 
- Add 1x SDS buffer (10µl) for SDS-PAGE and Western analysis 
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**10%~30% sucrose gradient - Wash the chamber opposite to the outlet (right) with 30% sucrose solution close 
the valve between the chambers.  - Wash the chamber close to the outlet (left) with 10% sucrose solution and clamp 
the tube. - Set the tube into the centrifuge tube - Add 2,5ml 10% sucrose solution to the left chamber and 2.8ml of 30% sucrose 
solution to the right chamber - Open the middle valve and immediately loose the clamp  
 
2.7.3 Isolation of total protein from yeast (Rapid method) 
This method was adopted from Kushnirov (2000). 
1. Grow cells ON at 300C in 2ml SC or YPGG 
2. Collect cells (total =2.5 OD600) by centrifugation (0.5min top speed in 
microfuge), dissolve in 100µl H2O 
3. Add 100µl 0.2M NaOH, mix well, room temperature 5 min 
4. Centrifuge 0.5 min, remove sup. 
5. Dissolve into 50µl 1x SDS loading buffer 
6. Boil (1000C) 3 min, store -200C 
7. Centrifuge 0.5min before use: 10-20µl for SDS-PAGE 
 
2.8 Western blot analysis 
2.8.1 SDS gel preparation 
Assemble glass plates and sealer using clamps, separated by a rubber band. 
 
 Separation gel 
(i) For one 12.5% gel: mix 3ml Solution A, 1.8ml solution B`, 2.33ml water, 72µl 10% 
SDS and 7.5 ml TEMED, add 75µl of solution D (APS), pour into the gap between the 
glass plates,  
(ii) Overlay methanol on the gel by micropipette. Allow for 0.5 hour. Take out overlaid 
methanol using a strip of 3MM paper.  
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Condensation gel 
(i) For one 4.5% mini gel: Mix 350µl solution A, 600µl solution C`, 1.43ml water, 24µl 
10% SDS and 2.5µl TEMED, add 25µl solution D and pour into the gap between the 
glass plates (on the separating gel),   insert comb to make sample wells leave for 1 
hour. 
Cover the gel with wet tissue paper and saran wrap, then keep in the refrigerator, if not 
use immediately. 
 
Solution A` (30% Acrylamide Solution) 
Acrylamide                   29.2g 
N,N’-methylenebisacrylamide       0.8g 
H2O                      to  100ml 
Solution B` (1.5M Tris-HCl buffer pH 8.8) (without SDS) 
Tris                       18.2g 
HCl                       2 ml 
H2O                   to  100ml 
Solution C` (0.5M Tris-HCl buffer pH 6.8)(without SDS) 
Tris                       6.1g 
HCl                       4.2ml 
H2O                   to  100ml 
Solution D (10% ammonium persulfate)  (make before use (use in a few months)) 
ammonium persulfate 100mg 
H2O                    to  1ml 
TEMED (N,N,N’,N’-tetramethylethylenediamine) 
Sold by several manufacturers 
          10% SDS solution (SIGMA) 
                   SDS         1g 
                   Water      10ml 
SDS running buffer 
Glycine  57.6 g 
Tris  12 g 
SDS  4 g 
Water  to 4 L pH=~8.5 
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Set the gel in electrophoresis chamber and clean the wells 
 
1. Carefully remove the comb and also carefully remove horizontally attached gel 
slice using a syringe 
2. Unbind clamps, and then remove the spacer. 
3. Put the running buffer into the bottom of electrophoresis chamber (~400ml) 
4. Insert the gel leaning not to trap air bubble at the bottom of the gel. 
5. Pour the buffer over the gel (~100ml) 
1. Using a syringe with SDS buffer, clean each sample well. (Get rid of gel 
slices in the well, otherwise sample will not go into the well). 
 
1. Apply samples into sample wells 
Sample is diluted to the appropriate concentration (1~2.5 mg each protein/ 10 
ul), and 1 volume of 2 x SDS-PAGE loading buffer was added, then the samples 
were boiled at 99°C for 5 min, cooled on ice immediately, spin down. And then 
the denatured samples were applied on acrylamide gel. 
 
2 x SDS-PAGE loading buffer 
1 M Tris/HCl (pH6.8) 1.25 ml 
β-mercaptoethanol(β-ME) 1ml 
SDS   0.4g 
Sucrose   1g 
Bromophenol blue (10mg/ml)  4ml 
H2O   to 10ml 
2. Electrophoresis 
Start electrophoresis at 25 mA/plate (about 100V), and stop at 25mA (about 200V) 
continue for ~1 hour. 
 
 
3. Blotting or staining the gel 
1. Take out the gel assembly from the chamber and wash briefly with 
water. 
2. Remove the upper glass plate inserting a spatula between glass plates. 
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3. Cut out the stacking (condensation) gel and unnecessary part of the gel. 
4. (Wash briefly with transfer buffer for blotting.) 
5. Stain or blot the gel. 
2.8.2 Blotting 
Blot to PVDF membrane (Immobilon-P transfer membrane, Millipore) by ATTO 
WSE 4110 PoweredBLOT-One 
6. Soak ATTO Absorbent Paper CB-09A 85-90mm (4 pieces – cut 9 by 6.5cm) 
in 1x ATTO EzFastBLOT in a box for more than 30 mins. 
7. Cut PVDF membrane (Immobilon-P, Millipore) to the size of gel (~9 by 
6.5cm). Soak membrane into MtOH (20~30 sec), then put in water for 2-3 
min, transfer the membrane to the 1x ATTO EzFastBLOT for more than 30 
mins. 
8. Put 2 pieces of soaked absorbent paper on PoweredBLOT-One, overlay the 
PVDF membrane on the Absorbent paper, put the gel on the PVDF membrane 
and overlay the gel with another 2 pieces of soaked Absorbent paper.    
9. Blot at Standard 10 mins   
10. Take out the membrane and soak into MtOH for 10 sec, dry 20 min at room 
temp. 
2.8.3 Detection of blotted proteins 
Blocking: TBS/5% Skim milk or Blocking One (nacalai tesque) for 60 - 120 min 
 
Primary antibodies:  
Incubation time: 60 min 
Anti-S-tag (0.5): 0.2µl in 400µl TBST/3% BSA  
Anti-ATP5 (1µg/µl): 0.4µl in 400µl TBST/3% BSA 
Anti-ARP3 (0.2µg/µl): 0.6µl in 600µl TBST/3% BSA 
Anti-COX2 (1µg/µl): 0.3µl in 600µl TBST/3% BSA 
 
Secondary antibodies: 
Incubation time: 60 min 
Anti-mouseHRP: 0.2µl in 400µl TBST/3% BSA 
Anti-RabbitHRP: 0.2µl in 400µl TBST/3% BSA 
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Table 2.1 Plasmids and synthetic primers used in this study 
Plasmids    Source or reference 
vector 
  pSH-LEU 
 
Gan et al, 2002 
pXP722 
 
Shen et al., 2012 
pVT100U-mtGFP Ungermann et al., 1994 
pBLUESCRIPT KS(+) Stratagene 
   MrpL32 clones 
 pSH-MrpL32-110 This study 
pSH-MrpL32-120 This study 
pSH-MrpL32-131 This study 
pSH-MrpL32-152 This study 
pSH-MrpL32-157 This study 
pSH-MrpL32-176 This study 
pSH-MrpL32-FL This study 
pSH-NcL32 
 
Nakano, 2009 
pXP722-MrpL32 This study 
pVT100U-mtMrpL32CD This study 
pVT100U-mtMrpL32CD-SH This study 
   Primers   
To construct MrpL32 derivatives 
 Product primer Sequence1 
MrpL32-FL 
Fw primer: 
mrpL32-up-HIndIII 
cgcaagcttATGAATTCTTTGATTTTTGGTAAA 
MrpL32-FL 
Rv 
primer:MRPL32-3’-Stu1 
ctaggcct GTCCTTTTTTAAAGTCCGAACG 
MrpL32-176 
Rv primer: 
MRPL32-176-rv-Stu1 
ctaggcctGCGACGTTCCAAATAGTTATCT 
MrpL32-157 
Rv primer: 
MRPL32-157-rv-Stu1 
ctaggcct TCTACCAGGATATAGGACTCTTTGG 
MrpL32-152 
Rv primer: 
MRPL32-152-rv-Stu1 
ctaggcctGACTCTTTGGTCTAGTTCGGAAA 
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MrpL32-131 
Rv-Primer: 
MRPL32-131-Stu1  
ctaggcct ATGCGTTTTCCATATATGACTT 
MrpL32-120 
Rv primer: 
MRPL32-120-rv-Stu1 
ctaggcctACAATACATACACAGTGTATTGGCT 
MrpL32-110 
Rv primer: 
MRPL32-110-rv-Stu1 
ctaggcctATAATGGCCGCATGATGGG 
MrpL32-CD 
Fw primer:: 
mrpL32-CD-Kpn1 
gcggtaccGTTGGACAAATAAGTCATATATGGAA 
MrpL32-CD 
Rv primer: 
MRPL32-CD-3-Xho1  
ccgctcgagCTAGTCCTTTTTTAAAGTCCGAACG 
   To reclone from 
  pSH-LEU to 
pVT100U-mt 
Rv primer: 
pSH-rv-stop-Xho-Sal 
ggcgtcgactcgagTTACTTACTTATCTGGGCTGTCCAT
GTGCT 
pSH-LEU to 
pXP722 
Fw primer: 
pSHLEU-up-AvrII-SpeI gactagtcctaggCCAAGCATACAATCAACTCCA 
Rv primer: 
pSHdown-stop-Xho-Sal 
ggcgtcgactcgagTTACTTACTTACCATGGCCTTGTCG
TCGTCGT 
   To construct H1 strain  
  
Fw primer: 
MRPL32-u5’-Xba1 
cgtctagTGTATCCGACTTGCCAATAACT 
1Lower case letters in primer sequences indicate added restriction enzyme sites 
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3. Results 
 
3.1 Comparison of ribosomal proteins  
3.1-1. Variation of mitochondrial ribosomal proteins (MRPs)  
 Mitochondria are descendants of ancient bacteria, as they were incorporated 
into eukaryotes through endosymbiosis during early evolution. However, they are 
significantly variable compared to bacterial ribosomal proteins (Graack and 
Wittmann-Liebold, 1998). How and why MRPs are variable compared to bacterial and 
cytoplasmic r-proteins? I first picked up some r-proteins and compared by BLAST 
analysis using E. coli r-proteins as query (Table 3.1). Next, the degree of conservation 
for r-proteins that are conserved among eubacterial, cytoplasmic and mitochondrial 
ribosomes were compared in Saccharomyces cerevisiae, Neurospora crasa, 
Schizosaccharomyces pombe, Homo sapiens, Drosophila melanogaster, Caenorhabditis 
elegans and Arabidopsis thaliana (Fig. 3.1). Cytoplasmic r-proteins of the same family 
show about 60% identity, while the identities among MRPs are mostly less than 40%. 
The lengths of proteins (amino acid residues) were also compared and the results 
showed large differences in MRPs. On the other hand, the size of cytoplasmic proteins 
is well conserved (Table 3.2).  
3.1-2. Comparison of MrpL32 proteins in various organisms 
 MrpL32 is one of MRPs that seem to have acquired extensions during 
evolution probably to adapt to the translation in mitochondria. Yeast deletion mutant of 
MRPL32 could be complemented by the homologue in N. crassa, NCU03516 (NcL32), 
though many other MRP mutants failed to recover the respiratory growth when the 
corresponding MRP of N. crassa was expressed (Nakano, Diploma thesis, 2009). 
Furthermore, it was indicated that the defective processing of MrpL32 impaired 
mitochondrial protein synthesis and caused neurodegenerative disorders in a HSP 
mouse model lacking the m-AAA protease. The murine m-AAA protease cleaves the 
mitochondrial signal sequence of yeast MrpL32 and vise versa is also true, 
demonstrating functional conservation of MrpL32 (Nolden et al, 2005). Therefore, I 
started detailed analysis of this protein and first made a structural comparison.  
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Schizosaccharomyces+pombe,)Homo+sapiens,+Drosophila+melanogaster,)Caenorhabdi;s+
elegans)and)Arabidopsis+thaliana)were)calculated.)
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 Amino acid sequences of MrpL32 homologue in variable organisms, mostly 
represented by model organisms, were retrieved from “protein” data of NCBI and 
aligned by CLUSTAL Omega (Sievers et al., 2011). The result of analysis shows that 
all MrpL32 homologues contain a long N-terminal extension, which probably function 
as mitochondria targeting sequence (MTS). However these sequences are rather variable 
and conserved only among very close organisms like mammals. It is interesting that 
nevertheless the murine m-AAA protease system can complement the yeast mutant of 
m-AAA protease (Nolden et al, 2005). On the other hand the core domain of L32 
r-protein is clearly conserved. The phylogenic tree obtained from the comparison of 
MrpL32 homologues indicates that MrpL32 of S. cerevisiae is closer to homologues in 
other fungi and a hypothetical protein of Arabidopsis thaliana than those in 
multicellular organisms in animalia, which agrees with the phylogeny of life and the 
theory of rather distinct evolution of plant mitochondria (Kurland and Andersson, 
2000). However, MrpL32 of S. cerevisiae possesses a long C-terminal extension similar 
to higher multicellular organisms (Fig 3.2-1). Similarly, 23 fungal (Ascomycetes) 
homologues curated in “Fungal Orthogroups Repository” 
(https://portals.broadinstitute.org) were analyzed (Fig 3.2-2). The alignment of 
sequences and the phylogenic tree constructed showed that all fungi of the Class 
Saccharomyces contain long C-terminal extension and the sequences are much more 
conserved than N-terminal MTS among them. Contrary, other Ascomycota such as 
Schizosaccharomycetes, Aspergillus and Neurospora seem to contain only a short 
extension. 
 Because mitochondrion has originated most probably from an ancient bacteria 
-like organism, next I compared MrpL32 and L32 r-proteins found in various bacteria 
(obtained under COG0333). Generally it is said that mitochondria is close to 
alphaproteobacteria, but the phylogenic tree obtained with L32 family proteins indicates 
that MrpL32 is closer to cyanobacteria and Deinococcus-Thermus or Fusobacteria. Also, 
most of proteobacteria do not contain the CxxC-X9-CxxC motif that is conserved and 
important for the proper folding of the MrpL32 protein (Bonn et al, 2011) (Fig 3.2-3). 
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MTS
L32'core
CD
A
B
Figure 3.2.1 Sequence alignment of MrpL32 homologues identified in model 
organisms. 
Proteins sequences of MrpL32 homologues detected by protein-protein BLAST in the 
database of model organisms were aligned using CLUSTAL Omega  (A) and phylogenetic 
tree (B) was constructed accordingly. MrpL32 homologue of Neurospora crassa 
(NCU03516) was included. Mitochondria targeting sequence (MTS), L32 core domain 
and C-terminal extension of MrpL32 (CD) region was indicated under the sequence.  

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MTS
CDL32)core
A
B
Figure 3.2.2 Sequence alignment of MrpL32 homologues in fungi. 
Proteins sequences of MrpL32 homologues curated in Fungal Orthogroups 
Repository were aligned and phylogenetic tree was constructed (https://
portals.broadinstitute.org). 
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A
B C
Figure 3.2.3 Sequence alignment of bacterial 
L32 ribosomal-proteins and MrpL32.
(A, B) Sequences of bacterial L32 r-proteins in 
various phyla were obtained from the database of 
COG (COG0333) and analyzed as described in 
Figure 3.2.1. Only the sequence of mature protein 
was used for MrpL32. Regions containing CxxC 
motifs were indicated by red rectangular. 
Proteobacteria were indicated by colored lines. 
(C) Tree of life produced by Ciccarelli FD; et al. 
(2006). 
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3.2 Function of C-terminal region of MrpL32 
3.2-1 Construction of various MrpL32 C-terminal deletion clones and growth 
phenotype of mutants. 
 As depicted in Figure 3.3, yeast MrpL32 contains long extra sequences when 
compared to bacterial (E. coli) L32 both at N- and C-termini and a longer C-terminal 
domain when compared to Neurospora crassa. The function of this extra peptide is still 
unknown. To investigate the function of this region, I constructed plasmids that express 
C-terminally truncated versions of MrpL32 in yeast cells (Fig. 3.4). Based on the 
comparison of bacterial L32 proteins and MrpL32, the region from 72 to 122 amino 
acid residue (aa) is considered as core domain of L32 ribosomal protein (Pfam). In the 
down stream of the core domain, helical (118-136 and 161-166 aa) and b-sheet 
(150-153 aa) structures are predicted (PSIPRED). Therefore, I constructed 
pSH-mrpL32-157, pSH-mrpL32-152, pSH-mrpL32-131, mrpL32-120, and mrpL32-110 
and examined the growth phenotype of DmrpL32 cells carrying these plasmids. Because 
a defect in mitochondrial translation causes deletion or loss of mitochondrial genome, I 
first constructed a haploid mutant of MRPL32 carrying pXP722-MRPL32, by 
sporulating MRPL32/DmrpL32:kan(G418R) hetero-diploid that harbors 
pXP722-MRPL32. Plasmid pXP722 has URA3+ selectable marker, therefore it is easy 
to eliminate the plasmid and wild type MRPL32 by culturing on FOA plate. Next, I 
transformed this strain with constructed pSH-leu plasmids carrying C-terminally deleted 
versions of MrpL32 and observed if they will complement DmrpL32 mutation by 
examining the growth of FOAR (ura3-) derivatives of the resultant transformants on 
YPGE (glycerol & Ethanol as carbon source).  
 As shown in Fig.3.5, ΔmrpL32 cells carrying pSH-mrpL32-157, 
pSH-mrpL32-152 and pSH-mrpL32-131 apparently grew and those with 
pSH-mrpL32-120 showed marginal growth on the medium with non-fermentable source 
(YPGE) at 30oC. Because ΔmrpL32 mutant carrying pSH-NcL32 showed temperature 
sensitive growth on YPGE (Nakano, Diploma thesis, 2009), I next examined the growth 
of ΔmrpL32 with these plasmids at 37oC. The results showed that up to 157aa 
C-terminal truncation still support the growth on YPGE at 37oC, whereas mutants with 
152 and 131aa versions of MrpL32 could grow only at 30oC similarly to the clone with 
NcL32 (Fig. 3.5). Furthermore, the growth of cells with MrpL32-152 and MrpL32-131 
were reduced on YPGE even at 30oC.  
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Figure'3.3:'Sequence'alignment'of'ribosomal'protein'L32''
Primary!sequences!of!L32!family!r6proteins!in!E.#coli!(Ec),!Saccharomyces#cerevisiae!(Sc)!
and!Neurospora# crassa! (Nc)!were! aligned!by!Clustal!Omega! (McWilliam!et! al.,! 2013).!
The!conserved!core!domain!of!L32!was!indicated!by!red!square.
Figure'3.4:'Depicted'alignment'of'L32'family'r>proteins.
The! diﬀerence! in! length! between! Sc,! Nc! and! Ec! were! schemaMcally! shown.! The! regions!
cloned! to! express! C6terminally! truncated! versions! of! MrpL32! were! shown! by! bars!
underneath.!The!numbers!indicate!the!truncaMon!points!along!the!Sc!MrpL32.!Also!shows!
the!last!60!amino!acids!fragment!cloned!and!separately!expressed.!
 40 
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Figure'3.5:'Respiratory'growth'of'ΔmrpL32'mutants'with'truncated'version'of'
MrpL32' proteins.! Cells! carrying! various! versions! of! MrpL32! or! NcL32! were!
cultured! in! SC;Leu! medium! for! over! night.! A! 10;fold! serial! diluBon! of! the!
indicated! strains! was! made! and! 10! ml! each! spoCed! on! the! indicated! media.!
Plates!were!incubated!at!300C!or!370C.!
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3.2-2 Expression of truncated versions of MrpL32 and translation in mitochondria 
 To assess the reason of impaired growth of ΔmrpL32 mutants with truncated 
versions of MrpL32, I first investigated the production of each truncated MrpL32 
protein (Fig.3.6a). It has been reported that the mitochondrial signal sequence of 
MrpL32 is cleaved off by m-AAA protease and matured when the precursor protein is 
imported into mitochondria and, furthermore that if the precursor protein was not 
properly folded the protease degrades the entire protein. Therefore, I investigated the 
production of wild type and truncated MrpL32 in a mutant of m-AAA protease, Δyta10, 
and compared to the production in wild type YTA10 cells. As expected, in Δyta10 
mutant cells with the truncated MrpL32s were detected as precursor and in higher 
quantity compared to wild type cells (Fig. 3.6a). This indicated that at least the 
truncation up to 131aa allows the proper cleavage of signal sequence and production of 
matured protein, although the level of protein in the cell seemed to be reduced 
compared to full length MrpL32. Next I examined the protein synthesis in mitochondria 
with truncated versions of MrpL32. Cox2 is a subunit of cytochrome c oxidase and 
encoded on the mitochondrial genome. Cells with MrpL32-131 protein showed the 
production of Cox2 at 300C but in a much-reduced level compared to MrpL32-FL. This 
seems corresponding to the growth phenotype of mutant cells with MrpL32-131 (Fig. 
3.6b).  
 
3.2-3 Assembly of ribosome with a truncated MrpL32. 
 The mitochondrial translation in mutant with a truncated MrpL32 that showed 
temperature sensitive growth on YPGE appeared to be reduced. Therefore, I next 
investigated if the ribosome assembly of mutant with MrpL32-131 is affected by 
analyzing the isolated mitochondrial ribosome with sucrose-gradient (Fig. 3.7). 
Mitochondria from MrpL32-131 showed accumulation of ribosome particles but the 
large subunit seemed to be reduced compared to the small subunit, and furthermore, 
MrpL32-131 was not detected in the fraction of 50S subunit, although the level of 
MrpL32-131 in the mitochondria was significantly low compared to that in cells with 
MrpL32-FL. It was reported that the absence of MrpL32 causes the loss of 
mitochondrial genome and no accumulation of assembled ribosome was observed, 
whereas ribosomal particles are assembled but precursor MrpL32 protein fails to 
integrate into the ribosome particle in mitochondria lacking m-AAA protease (Nolden et 
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Figure. 3.7:. Sucrose. gradient. analysis. of.mitoribosomes. containing.
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 al., 2005). Therefore, the reduced level of MrpL32-131 might prevent the 
accumulation of intact large subunit particles and inefficient translation in mitochondria. 
Probably at higher temperature the assembly of ribosome is further impaired, which 
might be due to unstable contact of the truncated MrpL32 with the inner membrane 
where the assembly of ribosome seems to initiates. This is in contrast to the C-terminal 
extension of Mrp20, homologue of bacterial L23 protein of the large subunit; even the 
truncation of about a half of extended C-terminal region of MRP20 causes total loss of 
respiratory growth and assembly of ribosome (Kaur and Stuart, 2011).  
 
3.3 The C-terminal extension of MrpL32 functions in trans. 
3.3-1. Complementation of ts phenotype by the cloned MrpL32CD.  
  Processing by m-AAA protease depends on proper folding of the protein and 
that requires CxxC motifs located at the C- terminal region of L32 core. Besides, proper 
folding is important to prevent the degradation of protein by m-AAA protease (Bonn et 
al., 2011). Therefore, C-terminal extension of MrpL32 might be important for the 
proper folding of the protein and the truncation make the protein more susceptible to the 
degradation by m-AAA protease. In this scenario, if the CD of MrpL32 helps protein 
folding by interacting with the core and/or N-terminal region, it might function even 
separately produced just as N-terminal region of MRPS28 protein, a small subunit 
homologue of bacterial S15 r-protein. N (Huff et al., 1993) 
Therefore, I subsequently cloned the CD into plasmid pVT100U to add a 
mitochondrial targeting sequence of N. crassa and examined if the resultant 
Su9-MrpL32CD rescues the temperature sensitive respiratory growth of MrpL32-131 
and -152 mutants. The deletion mutants were transformed with pVT-mtL32CD or 
pVT-mtGFP (Figure 3.8). Growths of transformants were analyzed as indicated on 
fermentable (YPD) and non-fermentable (YPGE) carbon sources at 300C and 370C 
(Figures 3.9a and 3.9b). The results showed that the C-terminal domain of MRPL32 
(L32CD) expressed separately could complement temperature sensitive growth of CD 
mutants with non-fermentable carbon source. I also examined the translation in 
mitochondria of these transformants by analyzing the production of CoxII (Fig. 3.10a). 
Clearly the level of Cox2 in cells carrying pVT-mtL32CD was higher compared to 
those harboring pVT-mtGFP. Furthermore, in the mutant with MrpL32-131 the 
production of CoxII at 370C was recovered with MRpL32-CD (Fig. 3.10b). These  
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Figure'3.10:'Mitochondrial'protein'synthesis'in'mrpl32DC'mutants'with'separately'
expressed'MrpL32CD.
A)#Cells#(BYa:Dmrpl32)#carrying#plasmid#pSH9MrpL329131,#or#pSH9MrpL329157,#and#their#
transformants#with#pVT100U9mtL32CD#or#pVT100U9mtGFP#were#cultured#in#SC9L#or#SC9L9U,#
and#protein#was#extracted#from#the#whole#cell.#Cox2#protein#was#detected#by#Western#blot#
analysis#using#anS9COX2#as#probe.#
B)#Transformants#of#BYa:Dmrpl32'with#pVT100U9mtL32CD#or#pVT100U9mtGFP#were#cultured#
in#YPGG#at#300C#or#370C,#and#proteins#extracted#from#whole#cell.#Cox2#protein#was#detected#
as#(A).#Arp3#(AcSn9Related#Protein,#49.5kD)#is#cytosolic#protein#and#used#as#protein#loading#
control.#
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observations strongly indicate that two fragments containing N-terminal and C-terminal 
parts of MrpL32 function in trans, unless the intact MRPL32 gene was recovered by the 
recombination between two plasmids in the cell.    
 
3.3-2. L32CD expressed separately rescued the ts mitochondrial translation of 
MrpL32ΔC mutants.  
 To exclude the likelihood that the recovery of temperature resistant 
respiratory growth was due to the wild type MRPL32 generated by homologous 
recombination between two fragments on different plasmids, I examined the correlation 
of plasmid loss and ts respiratory growth as well as the structure of plasmids recovered 
from transformants. I first eliminated mtMrpL32CD on the plasmid pVT100U by 
selecting survivors on medium containing 5-fluoroorotic acid (FOA). These cells should 
have lost the plasmid and became uracil auxotrophic (Boeke et al., 1987). Then, 
MrpL32ΔC phenotype was examined as previously described on non-fermentable 
carbon source at 300C and 370C. Cells that lost plasmid pVT-mtL32CD showed ts 
phenotype, indicating that the remaining plasmid that derived from pSH-LEU did not 
contain full length MrpL32 (Fig3.11). Because it is not possible to select cells that have 
lost the plasmid pSH-mrpL32, the selection marker of which is leucine prototrophic, by 
the phenotype as in the case of pVT100U, next I tried to recover plasmids from cells 
and verified by restriction enzyme analysis and PCR amplification of the fragment 
containing mrpL32 gene, which revealed the expected size of the mrpL32-131 (~393bp) 
and cloned fragment – mtMrpL32CD (~186bp). 
 Finally, I prepared proteins from cells carrying plasmids, pSH-mrpL32-131 or 
pSH-mrpL32-FL and pVT100U-mtL32CDSH, and subjected the proteins to 
SDS-PAGE followed by Western blot analysis using anti-S-tag antibody and Cox2 
antibody. The results of analysis showed protein bands with MW of about 27kD and 
19kD for pSH-MrpL32-FL/ pVT100U-mtMrpL32CDSH (FL+CD) and two bands of 
about 19kD for pSH-MrpL32-131/pVT100U-mtL32CDSH (131+CD), respectively (Fig 
3.12). As comparison proteins obtained from cells carrying pVT100U-mtGFP instead of 
pVT100U-mtL32CDSH showed only one band, about 27kD and 19kD, respectively. 
Expected molecular weight of MrpL32-FL, MrpL32-131 and MrpL32-CD appended 
with SH-tag are 19.5kD, 13.1kD and 13.8kD, respectively. The reason for this 
discrepancy is not known but it seems to be the nature of this tag (Gan et al., 2002).  
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Fig$3.12:$Expression$of$MrpL325CD$as$separate$pep:de.
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These results clearly showed that the L32CD actually rescued the ts phenotype on a 
non-fermentable carbon source by functioning in trans and allowed mitochondrial 
translation at 370C with the C-terminally truncated Mrpl32-131 (Figs 3.10, 3.12). The 
mechanisms of complementation by MrpL32CD of C-terminally truncated MrpL32 
might be stabilization of the produced peptide of L32 r-protein domain and/or its proper 
folding.  
 
3.4 MrpL32 is an inner membrane-bound protein 
 It was suggested that processing by the m-AAA protease triggers a 
conformational transition of MrpL32 and allows the assembly of mature MrpL32 to 
proceed in close proximity to the inner membrane. Also, although lacking the potential 
membrane-spanning domains, mature MrpL32 appears to be tightly associated with the 
inner membrane (Nolden et al., 2005). These observations might indicate that the 
impaired translation of MrpL32ΔC at a higher temperature was due to reduced 
association of MrpL32ΔC with the membrane affecting the proper assembly and 
stability of MrpL32.  
 To examine the location of wild type MrpL32 (MrpL32-FL) and MrpL32 
C-terminal truncation mutant (MrpL32-131), mitochondria isolated from Δmrpl32 cells 
expressing MrpL32 and MrpL32-131 were lysed and separated into the matrix and the 
membrane using detergent Triton X-114. The results showed that both MrpL32-FL and 
MrpL32-131 were recovered in the membrane (pellet) fraction together with inner 
membrane protein Cox2, which could imply that L32 is membrane bound even when 
the CD is deleted (Fig. 3.13). However, the CD fragment produced together with wild 
type MrpL32 was recovered in the soluble fraction partially (Fig. 3.13). It might 
indicate that although MrpL32-131 could associate with the inner membrane, the CD 
fragment interacts with the N-terminal core region and assists the folding of the protein. 
However, the full length MrpL32 does not need the assistance of the CD fragment and 
the overproduced MrpL32-CD was then released into the matrix. Another possible 
reason for the CD fragment released into the matrix might be the lack of firm 
association between the CD fragment and the membrane. These results seem to suggest 
that the cause of ts phenotype of MrpL32ΔC mutants and mechanisms of 
complementation by the CD fragment in trans is not simple. 
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Fig$3.13.$MrpL32$is$an$inner$membrane3bound$protein."
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4. Discussion 
 
4.1 Comparison of MrpL32 (L32) proteins in various organisms 
 MrpL32 may have evolved over time and vary greatly between different 
organisms, mostly in its extended regions in terms of the amino acid length. The E. coli 
L32 is only 57 amino acid long and forms the core domain of L32 r-protein, while 
mitochondrial L32 r-proteins of a few chosen organisms are as follows (the numbers in 
parentheses are the number of aa residues): Neurospora crassa (129), Arabidopsis 
thaliana (133), Zebrafish (174), Xenopus tropicalis (181), Saccharomyces cerevisiae 
(183), Caenorhabditis elegans (183), Mus musculus (187) and Homo sapiens (188), 
Drosophila melanogaster (195). The extended region is more variable than the core 
region. 
 Mitochondrial L32 has acquired extensions during evolution probably for 
efficient translation or to make up for the short rRNA. However it is also conceivable 
that the MrpL32CD plays an additional role, just as its N-terminal signal sequence that 
seems to regulate the ribosome synthesis (Bonn et al., 2011). In this study it became 
clear that the C-terminal extension of S. cerevisiae is not essential for translation per se 
but might function to stabilize the protein or fold the protein properly and prevent 
degradation by m-AAA protease. This is quite different from Mrp20 and MrpS36 
described above. In other organisms, the function of extended C-terminal domains of 
MrpL32 is still unclear but its structure is quite conserved among vertebrates. On the 
other hand, the MrpL32-CD in Schizosaccharomyces pombe and Arabidopsis thaliana 
(plant) are shorter when compared to S. cerevisiae but still contain the cysteine motif 
about 10 aa to the end of the C-terminus, implying the cysteine motif of MrpL32 is 
more or less conserved among various organism. S. cerevisiae is closer in length to 
vertebrates than to the other fungi like N. crassa and S. pombe though closer in terms of 
evolution and on the phylogenetic tree. 
 
4.2 Function of C-terminal region of MrpL32 in mitochondrial translation  
 With the acquisition of an extended C-terminus comes a possibility of extra 
functions or properties for the mitochondria translation machinery. From this study, 
which is the first time to investigate the function of the C-terminal domain of MrpL32, I 
found that the deletion of C-terminal region of MrpL32 up until amino acid 131 
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(MrpL32-131) was tolerable for the respiratory growth at 30oC, near optimal 
temperature for yeast, but up to 120aa (MrpL32-120), which deletes slightly beyond the 
boarder of the core, even at lower temperature, respiratory growth is affected and totally 
absent when deleted to 110aa (MrpL32-110). On the other hand, up to 157aa 
(MrpL32-157), not much difference was observed with the WT or full length MrpL32. 
Interestingly, however, only 5aa difference (MrpL32-152) brought about a great 
difference in respiratory growth, in terms of culture temperature. These truncations 
might have affected the proper folding and stability of the protein, since only properly 
folded protein can be processed by m-AAA protease yet avoiding degradation, and 
subsequently mature. Examination of the products of the truncated versions of MRPL32 
(mrpl32ΔC) revealed that cells containing m-AAA protease produced MrpL32ΔC with 
expected size for processed proteins, while in Δyta10 mutant more abundant but 
larger-size proteins were observed. MrpL32-120 was not well detected and the protein 
amount was rather variable among experiments, but also processed by m-AAA protease 
and not totally degraded, indicating that up to MrpL32-120 could produce matured 
protein (Fig. 3.6). These results indicate that at least the truncation up to 131aa allows 
the proper cleavage of signal sequence by the m-AAA protease and production of 
matured protein, although the level of protein in the cell seemed to be reduced 
compared to full length MrpL32. Bonn et al., 2011 reported that the surface exposed 
C-terminal part of the protein contains four cysteine residues, comprising a 
CxxC-X9-CxxC sequence motif that is conserved throughout evolution and important 
for the proper folding of the protein. Because the aa131 is just 10aa downstream of this 
cysteine-motif domain, this C-terminal part (121aa to 131aa) might be, though not 
absolutely required, affect the folding and processing of the protein.  
 As mentioned above, only 5aa difference between MRpL32-157 and 
MrpL32-152 caused temperature sensitive respiratory growth. A possible mechanism 
for the temperature sensitive phenotype could be that the truncation of MrpL32 at the 
152aa may bring about a weakening of interaction between the strand structure 
(predicted at 150-152aa) and the upstream sequence causing an unstable folding at 
higher temperature, which might have also affected the import of protein into the 
mitochondria. These differences in the respiratory growth between the different 
MrpL32ΔC will be further explained if the 3D structure of MrpL32 becomes available. 
Whatever the molecular mechanism is, MrpL32-152 and shorter MrpL32ΔC have 
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reduced ability to synthesize the mitochondrially encoded proteins that are mostly 
components of OXPHOS complexes and show the reduced or impaired growth at higher 
temperature on non-fermentable carbon source media.  
 Next, I investigated if the ribosome assembly of mutant with MrpL32-131 is 
affected by analyzing the isolated mitochondrial ribosome with sucrose-gradient. 
Mitochondria from MrpL32-131 showed accumulation of ribosome particles but the 
large subunit seemed to be reduced compared to the small subunit, and furthermore, 
MrpL32-131 was not detected in the fraction of 50S subunit, although the level of 
MrpL32-131 in the mitochondria was significantly low compared to that in cells with 
MrpL32-FL. Taking these observations into cognizance, it is conceivable that truncation 
of the C-terminal domain of MrpL32 causes improper folding rendering the protein 
unstable, and that might also lead to a defect in mitoribosome assembly. 
  
4.3 The C-terminal extension of MrpL32 functions in trans. 
 
 As stated above, the C-terminal deletion of Mrpl32 causes temperature 
sensitive respiratory growth. Next, I cloned and expressed the MrpL32CD separately 
form the core region and found surprisingly, that the separately expressed MrpL32CD 
could rescue the temperature sensitive phenotype as well as protein synthesis in 
mitochondria. This observation might suggest that MrpL32CD was acquired in the 
evolution of MrpL32 to support the folding of L32 r-protein and/or give a peculiar 
function to this protein. Nolden et al., (2005) reported that in Δyta10 mutant lacking 
m-AAA protease ribosomal particles were assembled in mitochondria but precursor 
MrpL32 protein was not integrated into the ribosome particle. On the other hand the 
profile of ribosomal subunits exhibited by sucrose gradient indicated that MrpL32-131 
caused some assembly deficiency to the mitoribosome (Fig. 3.7). This seems to indicate 
that MrpL32 is a late assembly protein and its failure to be integrated into the particle 
does not affect the assembly of other components. However, its C-terminal region might 
be required in the efficient assembly of mitoribosome, and MrpL32-CD might function 
separately from the core part in the assembly of mitoribosome. It was also reported that 
MrpL32 contacted tightly with inner membrane. Therefore, the function of MrpL32-CD 
might be the interaction with the inner membrane of mitochondria, and at higher 
temperature, the assembly of ribosome might be further compromised due to unstable 
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contact of the truncated MrpL32 with the inner membrane where the assembly of 
ribosome seems to be initiated. In this context it will be noteworthy that bacterial L32 
protein is encoded in an operon together with some membrane proteins and separated 
from the major operon of r-protein genes (Podkovyrov and Larson, 1995).   
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